We present a method to include the effects of light excitation on two different models of resonant-tunneling-diode-based devices. Our approach takes into account both photoconductive and charge accumulation effects responsible for shifting the static I -V curve when the structure is under light excitation. Computational simulations led to good agreement between the model and experimental results.
I. INTRODUCTION
The resonant tunneling diode ͑RTD͒ attracts interest due to its highly nonlinear static current-voltage characteristic, 1 which exhibits a range with negative differential resistance. The recent interest in applying RTDs for optical modulation, 2 switching 3-5 and photodetection [6] [7] [8] has demanded efficient models to explain their behavior under light excitation. The work of Moise et al. 6 has shown that the RTD integrated with a photodetector is a highly sensitive device ͑10 A/W͒. For high-speed optical communication systems, the RTD integrated with a photodetector could provide an integrated solution to the currently employed, hybrid arrangement of a separate photodector and transimpedance amplifier. However, at this stage in its development, the RTD photodetector ͑RTD-PD͒ needs to be modeled; such modeling should be able to give insight to RTD physics and, by means of widely available computer-aided design tools, to predict accurately its behavior under various operating conditions. The models proposed by Brown et al. 9 and Schulman et al. 10 relate flow of carriers through the double-barrier structure ͑DBS͒ to the bias conditions set across the RTD. They considered coherent and noncoherent current flowing components. Their models are Simulation Program with Integrated Circuits Emphasis ͑SPICE͒ compatible and suitable for simulation under dark conditions only. Our purpose is to extend the physics-based model of Schulman et al. and the SPICE model of Brown et al. to include the effect of illumination and to validate our model by comparing it with existing data on the change of the dc current voltage curve under light excitation.
In this article, we describe a general method to include light-induced effects in physics-based models of optoelectronic RTDs such as RTD-PD. We take into account the photoconductive and charge accumulation effects close to the DBS. These two effects have been referred to as responsible for the typical experimentally observed light-induced shifting of RTD dc current-voltage characteristic. 3, 4 We calculate the contribution of the two effects and predict the device behavior under light excitation from the radiation characteristics and device parameters. Computational simulations were performed aiming to compare theoretical results from the proposed model to experimental data found in the literature.
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II. MODELING
We propose an improvement in the original models developed by Brown et al. and Schulman et al. through the introduction of two terms to account for the effect of light. The original dependence of current on voltage is maintained for dark conditions. Therefore, following the formulation of Brown et al., 9 we propose
and Schulman et al., 10 IϭA ln ͭ 1ϩe
where V ph is a photoinduced voltage ͑dependent on the light intensity shone on the structure͒ due to the charge accumulation effect, and R eq is an equivalent series resistance which accounts for the photoconductive effect and/or for the ͑fixed͒ resistances of the bias circuitry. The calculation of these two terms will be discussed in Sec. III. A first interpretation for Eqs. ͑1͒ and ͑2͒ is that they represent nonlinear voltage-controlled current sources that describe the RTD dc behavior, and are dependent on the intensity of light as illustrated in Fig. 1 . Impinging photons modulate both structural layers' resistivity and accumulated charge populations in the spacer layer ͑collector side͒ of the RTD.
III. ESTIMATION OF PARAMETERS
A. Series resistances
Under dark conditions, the series resistance (R S ) associated to the layers placed between the electrodes and the DBS and due to the bias circuitry is given by
where R B is the internal resistance due to the layers beside the DBS and R E is an external resistance associated to the contacts, wires and other bias circuit components ͑Fig. 1 depicts the suggested dc equivalent electronic modeling͒. Such a resistance R S would be responsible for a drop in voltage from the power supply V to the voltage effectively applied across the DBS (VЈ). This effective applied voltage (VЈ) drives the current I in a similar way, as empirically suggested in the Refs. 9 and 10. Under dark conditions, one expects
VЈϭVϪR S I ͑4͒
to control tunneling probability through the DBS. On the other hand, absorption of impinging photons in the semiconductor layers surrounding the DBS leads to the variation of their resistivity. This variation can be expressed analytically as
where ⌬ is the increase in conductivity due to the photoinduced hole-and-electron populations ␦pϭ␦n. Equation ͑5͒
is obtained assuming ϩ⌬ϭ1/(ϩ⌬) for large values of ⌬, that is, for ⌬ on the same order of . For the case in which ⌬ is much smaller than , Eq. ͑5͒ is reduced to ⌬ ϭϪ⌬/ 2 . However, this is not the case for moderate levels of illumination. Simple calculations can be performed to verify this condition.
The decrease in resistivity given by Eq. ͑5͒ leads to the change in the built-in resistance R B , given by
which turns Eq. ͑4͒ into
In Eq. ͑6͒, l and A are the total thickness and sectional area of the surrounding layers, respectively, and x a is the hole accumulation region length ͑adjacent to the DBS͒, which effectively reduces the structural layer thickness from its original length l to lϪx a .
Re-expressing Eq. ͑5͒ in terms of the equilibrium populations p 0 and n 0 , their respective mobilities in the material e and h , and the photoinduced carrier density ␦p, we get
͑8͒
An interesting aspect related to this expression arises for high levels of photogeneration in lightly doped spacer layers. In this case, Eq. ͑8͒ revels the saturation of the decrease in resistivity on the optical laser intensity. More than this, ⌬ tends numerically to compensate the effect of the built-in resistance when ( e n 0 ϩ h p 0 )Ӷ( e ϩ h )␦ p since Eq. ͑8͒ becomes ͓see Eqs. ͑6͒ and ͑7͔͒ ⌬ϷϪϭ Ϫ1
In other words, Eq. ͑9͒ is meaningful only at high optical powers when almost all of the applied voltage appears across the DBS and drives the tunneling probabilities, so that Eq. ͑7͒ would become
since we did not consider ͑up to this point͒ the electrostatic field arising due to the effect of the hole accumulation in the collector side of the DBS. Notice that it does not matter how thick x a is in Eq. ͑6͒, ⌬R B will always cancel R B when the optical powers are high enough. In other words, high levels of illumination make layers behave more conductively so that a negligible drop in voltage is expected across them. It should be clear that under dark conditions, R B distorts the dc characteristic of RTD-PD devices due to the voltage drop, as given by Eqs. ͑3͒ and ͑4͒. Therefore, the fitting parameters of Eqs. ͑1͒ and ͑2͒ evaluated under dark condition are affected by this distortion. When illuminated, the resistivity decreases, canceling the effect of R B , as given by Eqs. ͑6͒-͑9͒. Therefore, it is clear that R eq ϭ⌬R B in our model, and it is obtained from Eqs. ͑6͒, ͑8͒, and ͑9͒. 
B. Photoinduced voltages
We characterize the effect of light on the currentvoltage curve as an additional photoinduced drop in voltage across the DBS. The model we use to estimate the photoinduced voltage assumes the typical RTD-PD structure, as illustrated in Fig. 2 . Typical devices for photodetection purposes employ a DBS with thicker lower-doped collectorspacer layers. 5, 6 Their overall behavior results from modulation of the carrier's population by the impinging photons ͑outer layers are made much more conductive for electrode-matching purposes͒.
As carriers are photogenerated within the surrounding areas of the DBS, excess holes accumulate beside the right side of the double barrier ͑see Fig. 2͒ , in the collector-spacer layer. This effect is balanced by recombination and tunneling phenomena, leading to a steady excess population p close to the DBS. Such a charge distribution is responsible for two internal electrostatic fields, labeled E 1 and E 2 . As suggested earlier, 9,10 the voltage across the DBS drives the current because it sets tunneling probability for electrons. Additional voltages, which are expected to exist there, are directly related to E 1 and E 2 .
Photogenerated charges are swept out of the thicker layer towards its boundaries due to the external biasing ͑see Fig. 2͒ . Holes in the valence band are assumed to pile up close to the DBS uniformly spread over the interface, while photogenerated electrons are removed by the applied voltage towards the collector contact. Equilibrium in the population of holes for a certain bias voltage is sustained by a balance between arrival rate of photogenerated holes, and recombination rate in the accumulation layer. There is a charge distribution per unit area S ͑C/cm 2 ͒ in a sheet whose thickness is negligible when compared to the transversal dimensions. Such a density of charges is related to the electrostatic field across the barrier layer by
where the subscript ''1'' reminds us that this is part of the additional fields mentioned earlier.
At the interfaces between layers implementing barriers and well there are no other sheets of static charges, so that the usual boundary condition guarantees
Equations ͑11͒ and ͑12͒ allow us to estimate the total drop in voltage through the DBS due to the accumulation of holes ͑if S are known͒ by
where l w and l b are the thicknesses of the layers of the DBS, and w and b are their respective permittivities. Therefore, V ph in Eqs. ͑1͒ and ͑2͒ is the V 1 given by Eq. ͑13͒, and it is due to E 1 , as illustrated in Fig. 2 . It can be evaluated for each optical power, upon the estimation of S .
To estimate S , one could consider the thickness of that sheet composed of accumulated holes to set up an x-dependent electrostatic field ͑say E 2 ) through the extent x a ͑see Fig. 2͒ . For sake of simplicity, the charge is supposed to be uniformly distributed along the thickness of this region whose volume is given by x a A, and whose hole concentration is referred to as p. That means the total accumulated charge could be expressed by
where e is the elementary charge. In addition, the electrostatic field
is integrated from xϭ0 to xϭx a , giving the drop in voltage through the hole accumulation layer V 2 ͑due to E 2 ) in Fig. 2 , as
In addition, from standard theory for semiconducting materials, 11 the quasi-Fermi level shift for holes inside and outside of the hole accumulation layer allows one to write, according to the Joyce-Dixon approximation,
where N v is the density of states at the top of the valence band for that layer. Equating ͑16͒ to ͑17͒ leads to an important relation between p and x a for a given bias voltage. Searching for a desirable second equation relating p to x a , it seems to be sensible, expressing a simple rate equation that neglects tunneling holes as well as photogeneration taking place in the accumulation layer. While excess holes are being dragged to the accumulation layer from beyond x a ͑by the applied field͒, the rate at which they arrive can be written as 
where v h is the drift velocity for holes. Accumulated holes recombine at a rate given by In summary, our model has two major components. There is a shift in the current-voltage curve to lower voltage ͑i.e., the whole curve moves to the left͒ due to the reduced resistance of the epilayers surrounding the DBS caused by photoinduced carriers. This is the same effect discussed in a qualitative way by Moise et al., 6 but here we have a quantitative model based on the entirely electrical models of Brown et al. 9 and Schulman et al. 10 We have also included the effect of fields induced at the accumulation layer by photoinduced holes. With this model, we are able to obtain quantitative predictions of the RTD-PD behavior.
IV. SIMULATIONS AND RESULTS
Here, we use the formulations presented in Secs. II and III to model the effect of light on the dc current-voltage curve of the RTD-PD. Different RTD structures have been reported, and discussions about which is the governing process that leads to shifting the current-voltage curve are profuse. 5, 6, 13, 14 We have chosen a particular structure in the literature for analysis, aiming to obtain simulation results for discussion. 5 The choice was based on three reasons: ͑1͒ all features of the laser radiation as well as the structural parameters of the RTD-PD were reported in Ref. 5 ; ͑2͒ the thicker collector-spacer layer besides the DBS is intrinsic, which is particularly suitable for our formulations; and ͑3͒ experimental I -V curves, showing shifting for different levels of optical power, are available, allowing comparisons to the expected performance based on the models we have adopted and handled. Reported I -V curves in the darkness and under laser irradiation became available for analysis by picking the points up from figures of Ref. 5 . The dark curve was assumed to express the ''intrinsic curve,'' that is, it shows the actual behavior of the RTD regardless any possible series resistances. Thus, the digitized data are fitted in Fig. 3 for initial estimation of the parameters of Eqs. ͑1͒ and ͑2͒ under dark conditions. We removed the data in the region between the peak and the valley ͑the NDR region͒. Since the points in this region were measured when the device was oscillating, they should not be considered for the dc response of the device. Therefore, our model does not take into account selfoscillation.
Next, with the fitting parameters already available, we can evaluate the effects of the laser light by estimating the voltage terms R eq I and V ph to Eqs. ͑1͒ and/or ͑2͒.
For experimental conditions described in Ref. 5 where the intrinsic semiconducting layer exhibits N v ϭ6.4 ϫ10 18 cm Ϫ3 , for the wavelength 0 ϭ860 nm, the approximate value for intrinsic absorption 12 is ␣(InGaAs)ϳ2 ϫ10 4 cm Ϫ1 . We neglected optical losses due to reflections and/or absorption by free carriers in the heavily doped shallower layers. The estimated generation rate 12 at P opt ϭ2 mW is Gϳ6ϫ10 24 cm Ϫ3 s Ϫ1 . Thus, the exceeding photogenerated population for that power is estimated to be ␦p ϭ6.5ϫ10 15 cm Ϫ3 ( 0 ϭ1.06ϫ10 Ϫ9 s). Therefore, Eq. ͑20͒ gives us the steady-state volumetric concentration of holes pϭ3.3ϫ10 17 cm Ϫ3 , and the thickness of the accumulation region x a ϭ21 nm. Taking these values for p and x a in Eq. ͑14͒, it is possible to estimate S ϭQ a /Aϳ1.1 ϫ10 Ϫ7 C cm Ϫ2 . From Eq. ͑13͒, one can obtain V 1 ϭV ph ϭ119 mV, for P opt ϭ2 mW. 5 It is then possible to obtain the key parameter in our model, V 1 ϭV ph , for any optical power level. In other words, solving system ͑20͒ allows one to estimate, for each optical power of the laser beam, the additional voltage drop across the DBS ͑due to the accumulation of holes besides the inner barrier͒, which increases the tunneling probability for electrons, left-shifting the dc characteristic of the RTD by a predetermined amount.
Accounting for the conductivity modulation of the intrinsic layer, we assumed that there is a steady-state concentration of traveling electrons n 0 ӷ p 0 under dark conditions in that material, due to tunneling/crossing-over the DBS at high enough bias voltages. Near the peak current (I p ϭ7.7 mA), ͑9͒, we concluded that in the limit of high optical power, ⌬→Ϫ ͑meaning that there is a reduction in the resistivity level of the semiconductor layer by an amount that is equal to the resistivity value͒ when ␦pӷn 0 ( P opt ӷ0.1 mW). Resistivity will depend on the current level, however, showing its higher value in the valley ͑7.5 ⍀ cm͒ and lower value in the peak ͑1.7 ⍀ cm͒. The corresponding intrinsic resistance values are estimated as R Bv ϭ2.7 ⍀ and R Bp ϭ0.6 ⍀, respectively, leading to almost the same value for the ohmic drop in voltage R Bv I v ϭR Bp I p ϭ4.5 mV. This is the maximum shift of the dc characteristic of the device due only to the photoconductivity effect, when the device is illuminated. This contribution is much smaller than the hole accumulation effect estimated earlier, which is V 1 ϭV ph ϭ119 mV, for P opt ϭ2 mW, for instance.
Theoretical curves were plotted from Eqs. ͑1͒ and ͑2͒, along with experimental data from Ref. The calculated values for V ph and R eq for each optical power level are: V ph ϭ10.5 mV and R eq Iϭ4.5 mV for P op ϭ0.2 mW, V ph ϭ36 mV and R eq I ϭ4.5 mV for P op ϭ0.6 mW, V ph ϭ119 mV and R eq I ϭ4.5 mV for P op ϭ2 mW, V ph ϭ290 mV and R eq Iϭ4.5 mV for P op ϭ5 mW. The modeled curves show good agreement with the experimental ones in Figs. 4 to 6. In Fig. 7 , we observe the agreement between theoretical and experimental curves is poorer. This can be due to tunneling of holes through the DBS, which causes a reduction of the hole concentration in the accumulation region. Since our model does not take this effect into account, the theoretical curves overestimate the V ph for high optical powers.
From Figs. 4 to 7, we can conclude that the theoretical curves obtained from the Schulman-based model give a better match to the experimental results than the ones obtained from the Brown-based model. Although the original models are SPICE compatible, 9 MATHCAD™, using a differential correction method and the successive approximations method to obtain the fitting parameters for the dark condition for the Brown's and Schulman's models, respectively.
V. CONCLUSIONS
We presented a general method to include the effect of light on two static models for dc current-voltage characteristics of resonant-tunneling-diode-based devices. Our method takes into account the two physical processes usually discussed in the literature: photoconductivity and charge accumulation effects in double-barrier RTD structures. Our model uses the same fitting parameters for the device I -V curve in dark conditions and then simulates and predicts the device's behavior under an illumination condition. We performed computer simulations of our model using MATH-CAD™ with parameter estimations calculated from experimental data of previously published results. The currentvoltage curves obtained with our model have matched the experimental data found in the literature, and also have given insights into the role of each physical process taking place in that particular device. For the RTD-PD device analyzed here, we found that the photoconductivity effect is negligible compared to the charge accumulation effect for optical powers above 0.6 mW.
We neglected tunneling of holes to keep the same formalisms developed earlier in the assumed physics-based models for RTDs. Very often, only tunneling conditions for electrons are considered formally for I -V curves under darkness, and we kept the same assumption here. It is crucial to set accumulation conditions by the DBS sides, where the depletion of holes is assumed to be via recombination with tunneling electrons only. However, it is sensible to presume that this latter hypothesis weakens for higher optical powers. This may explain the poor agreement between our prediction and the actual device behavior for the highest laser intensity case analyzed.
Similar to previously reported modeling work, our model is based on an equivalent circuit, and it also contains adjustable parameters. However, these parameters are obtained in a systematic way from the dark current-voltage curves and from physics-based simple equations. We believe it can be a useful tool for RTD based device design and circuit simulations for applications in optical switching and photodetection. Future work will include adapting the model to simulate the high-frequency characteristics of RTD-PDs.
